Recent studies delineate a pathway involving familial Parkinson's disease (PD)-related proteins PINK1 and Parkin, in which PINK1-dependent mitochondrial accumulation of Parkin targets depolarized mitochondria towards degradation through mitophagy. The pathway has been primarily characterized in cells less dependent on mitochondria for energy production than neurons. Here we report that in neurons, unlike other cells, mitochondrial depolarization by carbonyl cyanide m-chlorophenyl hydrazone did not induce Parkin translocation to mitochondria or mitophagy. PINK1 overexpression increased basal Parkin accumulation on neuronal mitochondria, but did not sensitize them to depolarization-induced Parkin translocation. Our data suggest that bioenergetic differences between neurons and cultured cell lines contribute to these different responses. In HeLa cells utilizing usual glycolytic metabolism, mitochondrial depolarization robustly triggered Parkin -mitochondrial translocation, but this did not occur in HeLa cells forced into dependence on mitochondrial respiration. Declining ATP levels after mitochondrial depolarization correlated with the absence of induced Parkin -mitochondrial translocation in both HeLa cells and neurons. However, intervention allowing neurons to maintain ATP levels after mitochondrial depolarization only modestly increased Parkin recruitment to mitochondria, without evidence of increased mitophagy. These data suggest that changes in ATP levels are not the sole determinant of the different responses between neurons and other cell types, and imply that additional mechanisms regulate mitophagy in neurons. Since the Parkin -mitophagy pathway is heavily dependent on bioenergetic status, the unique metabolic properties of neurons likely influence the function of this pathway in the pathogenesis of PD.
INTRODUCTION
Mitochondrial dysfunction has been heavily implicated in the pathogenesis of Parkinson's disease (PD) (1, 2) , in which evidence has accumulated of decreased electron transport chain complex function, increased mitochondrially derived reactive oxygen species production and, more recently, dysregulation of mitochondrial dynamics and homeostasis (3 -6) . Genetic forms of PD have further implicated mitochondrial homeostasis in pathogenesis. Mutations causing loss of function of the proteins PINK1 or Parkin result in early-onset autosomal recessive PD (7, 8) . Animal models of both PINK1 and Parkinrelated PD have demonstrated abnormalities of pathways regulating mitochondrial function and homeostasis (9 -13) . In addition, genetic complementation studies revealed that PINK1 functions upstream in a pathway with Parkin that appears to regulate mitochondrial fission and/or fusion (10, 11, 14, 15) .
More recently, it has been suggested that Parkin regulates mitochondrial degradation through autophagy (mitophagy). * To whom correspondence should be addressed at: Pittsburgh Institute for Neurodegenerative Diseases, Department of Neurology, University of Pittsburgh School of Medicine, 7037 Biomedical Science Tower 3, 3501 Fifth Avenue, Pittsburgh, PA 15260, USA. Tel: +1 4123835868; Fax: +1 4126483321; Email: bermans@upmc.edu In mammalian cell cultures, overexpressed Parkin is recruited to depolarized mitochondria, targeting them for mitophagy (16) . Several studies have now confirmed this observation in multiple cell lines, and have revealed a pathway in which PINK1 is required to recruit Parkin to the mitochondria, which subsequently initiates mitophagy (17) (18) (19) (20) . It has been suggested that this pathway plays an important role in the neurodegeneration of PD, linking mitochondrial quality control to chronic neurodegeneration (3,6,21 -23) . However, much of the detailed characterization of the Parkin-mediated mitophagy pathway has been completed in immortalized cell lines, both non-neuronal cell lines, such as HeLa cells, and neuronally derived cells, including SH-SY5Y neuroblastoma cells. These 'neuronal' and non-neuronal cell types are all much less dependent on mitochondria than neurons, because they preferentially generate ATP through glycolysis and, thus, do not rely on mitochondrial respiration (24) (25) (26) . There is evidence from yeast studies that this bioenergetic distinction may be critically important in the mitophagy pathway. Kanki and Klionsky (27) found that yeast readily undergo mitophagy under starvation conditions. However, when grown in the presence of a media forcing cells into dependence on mitochondrial respiration for energy production, they exhibited barely detectable levels of mitophagy, even under severe starvation conditions. In view of the unique bioenergetic profile of neurons, which depend heavily on mitochondrial respiration (28) , and the potential implications of Parkin-mediated mitophagy in PD neurodegeneration, it is critically important to evaluate this pathway directly in neurons.
We examined the Parkin -mitophagy pathway in neurons. Surprisingly, we found that, unlike in other cell types, rapid cell-wide mitochondrial depolarization in neurons does not cause recruitment of Parkin to mitochondria. Our studies indicate that bioenergetic differences between neurons and other cell types are involved in these different responses, and this may provide a means for tightly controlled regulation of mitochondrial homeostasis in neurons as opposed to other cell types. Our results emphasize that a more thorough understanding of the functions of pathogenesis-related proteins specifically in neurons will help better determine the relevance of proposed pathways to neurodegenerative disease.
RESULTS

Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treatment does not trigger Parkin recruitment to mitochondria in primary cortical neurons overexpressing human Parkin
In order to evaluate the mitochondrial depolarization-induced recruitment of Parkin to mitochondria in neurons, we utilized primary rat cortical neurons and examined treatments comparable with those previously employed in other cell types (16, 17, 20) . While we could detect endogenous Parkin in cortical neurons by immunocytochemistry (ICC), ICC did not produce a sufficiently robust signal to allow colocalization analysis of endogenous Parkin by microscopy. Consequently, similar to previous studies (16, 19, 20) , we utilized plasmid transfection to overexpress Parkin in cells. We co-transfected primary rat cortical neurons with untagged, full-length human Parkin (hu-Parkin) and mitochondrially targeted DsRed2 protein (mtDsRed2) at days in vitro (DIV) 6. We confirmed that cells were co-transfected with both plasmids (Supplementary Material, Fig. S1 ), and expressed both hu-Parkin and mtDsRed2 from 72 h to at least 2 weeks post-transfection.
Seventy-two hours after transfection, neurons were treated with 10 mM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) or DMSO vehicle for either 1 or 6 h. Using ICC staining and confocal microscopy to localize hu-Parkin and mtDsRed2, and performing blinded manual analysis of colocalization, we observed that 20-25% of neurons showed evidence of Parkin localized to mitochondria under basal culture conditions ( Fig. 1 ), although some variability was noted between preparations. Neurons observed to have Parkin clustered on mitochondria ranged from those exhibiting lesser than five mitochondria with Parkin colocalization ( 10-15% of total cells, Fig. 1D ) to cells exhibiting multiple or all mitochondria with Parkin accumulation ( 10% of total cells, Fig. 1F ). Unexpectedly, however, CCCP treatment of neurons did not increase the rate of Parkin -mitochondrial localization ( Fig. 1A -C, H). Thus, Parkin was localized to mitochondria in 26 + 4% (n ¼ 4) of neurons treated with 6 h DMSO control, similar to the number of neurons showing mitochondrial Parkin localization 1 h (20 + 5%, n ¼ 3) or 6 h (26 + 4%, n ¼ 4) after application of 10 mM CCCP (P ¼ 0.57, ANOVA). In order to ensure that CCCP treatment depolarized mitochondria in these neuronal cultures, we utilized tetramethyl rhodamine methyl ester fluorescence. We found that 10 mM CCCP rapidly depolarized neuronal mitochondria (Supplementary Material, Fig. S2 and Movies S1 and S2), showing that the absence of Parkin translocation to mitochondria was not due to the inability to depolarize mitochondria.
Mitochondrial depolarization did not lead to increased mitophagy in neurons
To examine mitophagy under these conditions, cortical neurons were co-transfected to express a GFP-tagged form of LC3 (LC3-GFP), which localizes to early autophagic vesicles and is widely used as a marker of autophagy (29) , along with mtDsRed2 and hu-Parkin. We defined mitophagic events as areas of colocalization between mtDsRed2 and LC3-GFP fluorescent accumulations. We have previously noted that evidence of mitophagy is rarely observed in primary neurons under control conditions (30), although it has been observed under certain conditions, such as after growth factor withdrawal (31) . In our present studies, we rarely noted evidence of mitophagy under control conditions, and we found no observable change following CCCP treatment, indicating that mitochondrial depolarization did not increase mitophagy. Notably, neurons with clear colocalization of Parkin on mitochondria rarely showed evidence of mitophagy, and most exhibited none at all (Figs. 1F). Furthermore, under both control and CCCP conditions, we also observed mitophagic events that were not associated with Parkin localization to mitochondria at all (Figs. 1G). In keeping with the absence of enhanced mitophagy in Parkin-overexpressing neurons, we noted the continued presence of DsRed2-containing mitochondria in Parkinoverexpressing neurons even after several weeks (Supplementary Material, Fig. S1 ). Further, mitochondria remained
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The response to CCCP in neuronal axons and dendrites is similar to cell bodies
We next examined Parkin localization in neuritic projections following depolarization, to determine whether regulation of mitochondrial homeostasis differs in the axonal or dendritic compartments. Similar to our findings in the neuronal cell body, we did not observe Parkin translocation to mitochondria in distal axons and dendrites after CCCP treatment for either 1 h (not shown) or 6 h ( Fig. 1I and J). Parkin expression in axons and dendrites is usually punctate, and Parkin could be observed in proximity to a subset of mitochondria, regardless of whether neurons were treated with DMSO vehicle control media or CCCP. We could not detect increased mitophagy over baseline under any conditions tested, as evaluated by colocalization of mitochondrial fluorescence with GFP-LC3 puncta ( Fig. 1I and J). Some distressed neuritic processes, in both CCCP and DMSO control conditions, exhibited significant 'beading' or 'blebbing', a well-known response to injury (32) . In these neurons, the axonal beaded varicosities accumulate proteins, and in some of these there were accumulations of GFP-LC3, Parkin and sometimes mitochondria ( Fig. 1K and L). However, in many of these severely injured neurites, there appears to be little or no axonal continuity ( Fig. 1L ), a feature observed in other injury models and which likely represents degrading neurites with collections of microtubules, proteins and organelles (32) .
Endogenous neuronal Parkin does not translocate to mitochondria following CCCP
In order to exclude the unlikely possibility that the absence of Parkin localization to mitochondria in neurons is an artifact of overexpression of the human form of the protein, we quantified endogenous Parkin associated with mitochondria before and after depolarization. Since ICC of endogenous Parkin ICC proved difficult to analyze using imaging techniques, we employed a cellular fractionation technique using commercial reagents (see Materials and Methods) to enrich mitochondria from cultured neurons and quantitative western blot analyses to detect Parkin. Cortical neurons (DIV 9) were treated with DMSO or 10 mM CCCP, and harvested 1 or 6 h later. Mitochondrially enriched fractions were prepared from the harvested neurons and subjected to western blot analysis. Blots were probed for Parkin and HSP60, as a mitochondrial loading control ( Fig. 2A ). The level of endogenous Parkin, relative to mitochondrial loading controls, did not change in the mitochondrial-enriched fraction following CCCP treatment when compared with DMSO control (DMSO 100 + 6%, 1 h CCCP 77 + 10%, 6 h CCCP 84 + 15%, P ¼ 0.075, one-way ANOVA; Fig. 2B ). To confirm these results, we repeated the experiments utilizing a modified differential centrifugation procedure using reagents we prepared and ensured were detergent free (33), to guard against any possible dissociation of mitochondrial Parkin during isolation (see Materials and Methods). Western blot analysis from these experiments confirmed the above results, with no significant change in Parkin mitochondrial localization after CCCP treatment (DMSO 100 + 7%, 1 h CCCP 111 + 3%, 6 h CCCP 112 + 21%, P ¼ 0.8, one-way ANOVA). These data further support that conclusion that recruitment of endogenous Parkin onto mitochondria after rapid depolarization did not occur in neurons.
Lower concentrations of CCCP did not induce Parkinmitochondrial translocation in neurons
Previous studies employed earlier Parkin-overexpression time points after transfection (24 h) and lower concentrations of CCCP to trigger the Parkin localization effect. Considering that 10 mM CCCP may have been too severe an insult for neurons, and that a previous study reported Parkin-mitochondrial colocalization in primary mouse cortical neurons at 100 nM CCCP (20), we examined both 10 mM and 100 nM CCCP exposure for 1 and 6 h time points after 24 h Parkin expression in DIV 7 cortical neurons. Under these conditions, 23-25% of cells expressing human Parkin showed some colocalization between Parkin and mitochondria ( Fig. 3) . CCCP exposure at 100 nM did not increase Parkin localization in hu-Parkin overexpressing neurons (25 + 6% at 1 h, 27 + 2% at 6 h) compared with vehicle-exposed control (24 + 4% at 1 h, 25 + 5% at 6 h; Fig. 3 ), and neither did 10 mM CCCP (25 + 7% at 1 h, 30 + 3% at 6 h; Fig. 3 ), confirming our previous observations following 72 h of Parkin overexpression ( Fig. 1 ).
PINK1 overexpression increases Parkin -mitochondria localization, but does not sensitize neurons to depolarization-induced translocation
Multiple studies have identified functional PINK1 expression as an upstream requirement for depolarization-induced 
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Parkin translocation to mitochondria (17) (18) (19) (20) . Previous studies have shown that cortical neurons express PINK1 (34) . However, in order to determine whether the absent depolarization-induced Parkin -mitochondrial translocation response in neurons was attributable to low or absent PINK1 expression in our experimental system, we re-evaluated the response in the presence of over-expressed exogenous PINK1. We co-transfected neurons with GFP-tagged PINK1 and hu-Parkin (confirming co-expression through ICC; Supplementary Material, Fig. S1 ), and then determined the localization of Parkin after mitochondrial depolarization. Neurons co-expressing both GFP-tagged PINK1 and hu-Parkin exhibited a higher basal rate of Parkin-mitochondrial localization (for 6 h DMSO control, parkin alone: 25 + 5%; parkin + PINK1: 45 + 5%; P , 0.05, Student's t-test with Bonferroni correction; Fig. 3 ). However, the percentage of cells exhibiting Parkin -mitochondria localization did not increase in PINK1-GFP/hu-Parkin expressing cells following 100 nM or 10 mM CCCP-induced depolarization (for 1 h, DMSO: 47 + 2%; 100 nM CCCP: 43 + 4%; 10 mM CCCP: 45 + 6%; for 6 h, DMSO: 45 + 5%; 100 nM CCCP: 45 + 5%; 10 mM CCCP: 47 + 5%; P ¼ 0.99, ANOVA; Fig. 3A ). These results suggest that while PINK1 does participate in a pathway directing Parkin to mitochondria in neurons, PINK1 does not sensitize neurons to increased Parkin -mitochondrial localization following rapid depolarization.
Mixed striatal/midbrain neuronal cultures did not undergo Parkin-mitochondrial translocation in response to CCCP-induced mitochondrial depolarization
In order to address whether cortical neurons might be less sensitive than other neuronal populations to mitochondrial depolarization-triggered Parkin translocation, we evaluated a different population of CNS neurons. Mixed striatal/midbrain neuronal cultures were exposed to CCCP under identical conditions to those used for cortical neurons. Striatal/midbrain neurons exhibited a low basal rate of Parkin -mitochondrial accumulation (6% of cells), and CCCP-induced mitochondrial depolarization (1 h, 10 mM CCCP) did not alter Parkin localization in these cells ( Fig. 3B -D) . These data indicate that the absence of depolarization-induced Parkin translocation to mitochondria is not specific to cortical neurons, but appears to be a general property of cultured primary neurons.
CCCP treatment induces localization of Parkin in both naïve SH-SY5Y cells and neuronally differentiated PC6-3 cells
We then examined CCCP-induced Parkin -mitochondrial translocation in two separate immortalized dopaminergic cell lines, human SH-SY5Y and rat PC6-3 cells, in order to determine whether the absence of a response in primary neuronal cultures was attributable to an artifact of our detection and/or exposure technique. Naïve SH-SY5Y cells were exposed to 10 mM CCCP at 72 h after cotransfection with hu-Parkin and mtDsRed2. Cells overexpressing Parkin under basal conditions exhibited a low (,5%) basal rate of Parkin -mitochondrial colocalization, with most positive cells containing only one to two mitochondria with Parkin accumulation, as well as the presence of non-mitochondrial Parkin accumulations ( 10% of cells; Fig. 4 ). After 1 h exposure to CCCP, robust recruitment of Parkin to mitochondria was found, with many cells exhibiting a cell-wide association between Parkin accumulation and mitochondria (52.2 + 10% of cells compared with 0.6% in DMSO control; Fig. 4 ), similar to previous studies (17, 20) . Furthermore, co-localization of LC3-GFP positive puncta and Parkin- 
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tagged mitochondria ( Fig. 4 ) indicated upregulation of mitophagy following CCCP treatment. Because our neuronal primary cultures were derived from rat, we wanted to confirm that Parkin translocation could occur in a rat-derived cell line, to exclude the remote possibility that a species-specific difference in Parkin function or localization accounted for the absence of depolarization-induced translocation to mitochondria in neurons. For this, we used PC6-3 cells, a subclone of the dopaminergic rat pheochromocytoma PC12 cell line that can be well-differentiated with NGF to a neuronal phenotype (35) . Endogenous Parkin levels in PC6-3 cells were readily detectable by ICC, allowing us to examine localization of both endogenous rat Parkin and overexpressed hu-Parkin. Neuronally differentiated, PC6-3 cells were co-transfected with either mt-DsRed2 and hu-Parkin, or mtDsRed2 and a control empty vector. At 96 h post-transfection, cells were exposed to 10 mM CCCP. Differentiated PC6-3 cells exhibited robust Parkin accumulation on mitochondria following 1 h of CCCP treatment (Fig. 5 ). This was observed for both endogenous rat Parkin (55 + 2% of cells compared with 0% in DMSO control) or overexpressed hu-Parkin (78 + 1% of cells compared with 0% in DMSO control; Fig. 5 ). Thus, both endogenous rat and overexpressed human Parkin translocate to mitochondria following depolarization in a rat neuronal cell line. To our knowledge, this is the first demonstration of endogenous Parkin translocation in a neuronally differentiated cell line.
Parkin translocates to depolarized mitochondria in normally glycolytic HeLa cells, but not HeLa cells forced into dependence on mitochondrial respiration
One of the most striking differences between neurons and other cell types (including immortalized cell lines) is the specific dependence of neurons on mitochondrial respiration (28, 36) . Cancer cells, in particular, obtain most of their energy through glycolysis rather than mitochondrial respiration (25, 26) . We hypothesized that the differences we observed between neurons and cultured cells might be attributable to bioenergetic differences. To test this hypothesis, we analyzed mitochondrial depolarization-induced Parkin translocation in both normal, glycolytic HeLa cells [where the Parkin-mitochondrial translocation response is robust (16) ] and HeLa cells forced into dependence on mitochondrial respiration, mimicking the situation in neurons. HeLa cells were cultured in either standard glucose-based DMEM media or glucose-free DMEM supplemented with galactose (10 mM) and glutamine (2 mM). Under galactose/glutamine culturing conditions, HeLa cells favor utilization of the citric acid cycle and oxidative phosphorylation over lactic acid-generating glycolysis for ATP production (25, 26) . Cells were cultured without glucose for at least three passages prior to experiments and were then transiently transfected with mtDsRed2 and hu-Parkin and, after 48 h, treated with 10 mM CCCP or vehicle control. As previously reported, HeLa cells cultured in glucose exhibited robust co-localization of Parkin with mitochondria following both 1 and 3 h CCCP (77.8 and 88.4% of cells, respectively), when compared with essentially no co-localization with vehicle-treated control (,2%; Fig. 6 ). In sharp contrast, however, galactose-cultured HeLa cells, even after 3 h of CCCP treatment, showed no increase in Parkin-mitochondrial translocation (Fig. 6) . These data show that the induction of mitochondrial parkin translocation and mitophagy by mitochondrial depolarization is profoundly attenuated by enforcing cellular dependence on mitochondrial respiration. 
Rapid loss of ATP after mitochondrial depolarization correlates with inability to undergo Parkin -mitochondrial translocation
We next measured ATP levels in HeLa cells under both glycolytic and oxidative phosphorylation-dependent conditions. As predicted, mitochondrial depolarization resulted in a dramatic loss of ATP in HeLa cells dependent on oxidative phosphorylation (down to 40% of control after 1 h CCCP), but no ATP loss in normally cultured, glycolytic HeLa cells ( Fig. 6C and  D) . Similarly, ATP loss was dramatic and rapid after CCCP treatment in primary rat cortical neuron cultures as well, with significant loss of ATP observed after 15 min of CCCP (45% of control) and dropping to 33% of control after an hour of CCCP treatment (Fig. 7A ).
Altering neuronal bioenergetics may influence Parkinmitochondrial translocation in response to mitochondrial depolarization
Our data suggest that bioenergetic differences between neurons and immortalized cell lines dramatically affect the PINK1-Parkin mitophagy pathway. We hypothesized that if this difference was attributable to the loss of ATP in neurons after mitochondrial depolarization, then preventing or delaying the loss of ATP after CCCP exposure should lead to Parkin -mitochondrial translocation.
Rapid ATP loss after mitochondrial depolarization in neurons is not only due to the loss of membrane potentialdriven oxidative phosphorylation, but also by rapid ATP hydrolysis through reversal of the ATP synthase, which serves as a compensatory mechanism to maintain mitochondrial membrane potential by transporting hydrogen ions from the matrix (37, 38) . It has been shown that inhibition of the ATP synthase with oligomycin (which also blocks its reverse hydrolysis activity) enables neurons to temporarily maintain a greater pool of ATP in response to rapid mitochondrial depolarization (37) . We tested whether the presence of oligomycin in the setting of mitochondrial depolarization would prevent the loss of ATP in response to CCCP, and whether it would alter Parkin localization after CCCP. As noted above, ATP loss occurs rapidly after CCCP exposure in neurons (Fig. 7A) . The presence of oligomycin (10 mM) partially prevented the loss of ATP up to an hour after CCCP-induced depolarization compared with DMSO vehicle control (15 min, CCCP: 45 + 2%, oligomycin + CCCP: 
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Human Molecular Genetics, 2011, Vol. 20, No. 5 75 + 7%; 30 min, CCCP: 41 + 1%, oligomycin + CCCP 58 + 6%; 1 h, CCCP: 33 + 4%, oligomycin + CCCP: 58 + 11%; Fig. 7A ). We then evaluated the localization of Parkin in response to mitochondrial depolarization under these conditions. In these experiments, as in our previous studies, there was no significant increase in Parkin -mitochondrial translocation after 1 h of 10 mM CCCP alone, when compared with DMSO control. However, with co-treatment of 10 mM oligomycin and 10 mM CCCP for 1 h, we did observe a modest, but significant increase in the proportion of cells that undergo Parkin -mitochondrial translocation (36 + 0.3% of total cells) compared with DSMO control (13 + 0.3% of total cells; P , 0.05, z-test of proportions with Bonferroni correction; Figs 7B and 8). Despite this difference, we did not observe the robust response seen in other cell types, and the majority of neurons displaying Parkin -mitochondrial translocation consisted of one or two mitochondria with Parkin accumulation (Fig. 8D) , and not the whole-cell translocation occurring most often in other cell types. In addition, we were unable to detect any correlation between treatment and altered mitophagy by evaluating colocalization of mitochondria with Parkin and LC3-GFP; Parkin-associated mitophagy occurred rarely in neurons, regardless of treatment, and it did not vary by the treatment group (Fig. 8) , in contrast to the easily detected association in other cell types (Fig. 4) . These data indicate that while partial mitigation of the bioenergetic defect that accompanies rapid depolarization of mitochondria in neurons allowed Parkin -mitochondria translocation to proceed at a low level, we still did not observe this phenomenon in the majority of neurons, it did not occur globally within most individual positive neurons and we did not observe associated mitophagy. These observations suggest that ATP depletion is not the only mechanism underlying the inhibited Parkin localization response in neurons. 
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Notably, oligomycin inhibition of ATP hydrolysis may also serve to cause more rapid mitochondrial depolarization after CCCP, since mitochondrial membrane potential would not be maintained for as long without this compensatory response. This could also potentially contribute to the modest increase observed in recruitment of Parkin to mitochondria. However, given the rapid depolarization noted after CCCP alone (Supplementary Material, Movie S2), this would seem to be an unlikely explanation for the findings.
DISCUSSION
We observed that rapid mitochondrial depolarization did not induce Parkin translocation to mitochondria in primary rat cortical neurons or striatal/midbrain primary neurons, unlike the response observed in cell lines and other cell types. Neurons are unique in that even in the presence of glucose, much of their energy is derived from mitochondrial oxidative phosphorylation (28, 38) . Immortalized cell lines such as SH-SY5Y and HeLa cells, as well as cells such as fibroblasts, which also exhibit robust depolarization-induced Parkinmitophagy (16) , instead preferentially utilize glycolysis and lactic acid generation as the primary pathway for ATP generation when cultured in glucose-containing media (24, 26) . We discovered that when HeLa cells were forced into dependence on mitochondrial oxidative phosphorylation (more similar to neurons), they failed to recruit Parkin to their mitochondria following CCCP depolarization, unlike the robust Parkinmitochondrial accumulation after depolarization in glycolytic HeLa cells. These results suggest that cellular bioenergetics play a role in dictating Parkin recruitment, and possibly subsequent mitophagy.
As expected, both neurons and HeLa cells dependent on mitochondrial oxidative phosphorylation were unable to fully maintain ATP levels after mitochondrial depolarization with CCCP. Partial protection of the depolarization-induced ATP loss by the addition of oligomycin increased Parkin recruitment to neuronal mitochondria to a modest, though significant degree. However, it still did not lead to the robust Parkin recruitment observed in cell lines, nor was robust evidence of mitophagy observed. This suggests that ATP depletion might partially, but not completely, explain the differences observed in neurons and oxidative phosphorylation-dependent HeLa cells compared with other cells.
The partial influence of ATP levels is interesting, in that it could provide a means in neurons by which low-level individual mitochondrial dysfunction, within the setting of otherwisefunctioning, ATP-producing mitochondria, might be regulated through the Parkin -mitophagy pathway. It remains to be seen whether, in fact, individually depolarized mitochondria would undergo Parkin-associated mitophagy in the setting of otherwise normal neuronal mitochondria. On the other hand, even individually depolarized mitochondria might result in very localized changes in ATP levels, particularly in axons, where mitochondria are more sparsely distributed, and where it has been hypothesized that individual docked mitochondria might contribute to localized changes in ATP levels (39) . This could be a means for inhibiting Parkin-associated mitophagy in subcellular regions like axons where mitochondria are necessary. Although it is possible that the partial loss of ATP could simply be preventing energy-dependent enzymatic activity in the Parkin -mitophagy pathway from occurring in both neurons and other cells forced to depend on oxidative phosphorylation, our data suggest that this is not a complete explanation.
Other regulatory mechanisms may exist in neurons that tightly regulate this pathway, and which may be linked to bioenergetics. We do observe some evidence of Parkin-associated mitophagy in neurons (Fig. 8F, H, I) , suggesting that this pathway does function in these cells. In our studies, however, it is not triggered or upregulated by widespread mitochondrial depolarization. In addition, on an individual basis, many cells exhibited Parkin -mitochondrial accumulation without evidence of colocalization with GFP-LC3, and conversely, some cells with evidence of mitophagy (GFP-LC3 and mitochondrial colocalization) showed no associated Parkin -mitochondrial colocalization (Figs 1G and 8J). While we realize that GFP-LC3 colocalization with mitochondria is only a single measure of mitophagy, and there are caveats to our evaluation, within our measures and time points of detection we were unable to detect an association of mitophagy with Parkin translocation in neurons, whereas we can readily detect this association in other cell types. These data suggest additional mechanisms of mitophagy may be independent of Parkin translocation to mitochondria, consistent with the ability of Parkin to promote compensatory mitophagy in PINK1-deficient cells (22, 40) .
It remains to be determined what other regulatory mechanisms might exist for mitophagy, but it will be important to understand this more fully specifically in neurons to better elucidate the role of Parkin-regulated mitochondrial homeostasis in neurodegeneration. Such unique regulation would not be unexpected, as it has been suggested that high levels of mitophagy may contribute to cell death in neurons (31) . We propose that this bioenergetic regulation is a protective mechanism-that unlike HeLa cells, which are able to eliminate their entire complement of mitochondria following extended CCCP exposure (16, 17) , neurons are completely dependent on maintaining their mitochondrial population. Thus, it would not be surprising that mitophagy would be a very tightly controlled and more rare event in neurons, like other aspects of mitochondrial dynamics (41) . In fact, there is precedence for this, as it has been shown that yeast mitochondria are prevented from undergoing mitophagy when mitochondria are required for cellular metabolism (27) . In neurons, there may be more importance placed on repair of mitochondria, and this could be one of the reasons why mitochondrial fusion and fission are so critical to neuronal health (3, 4) .
Our studies differ from two previous studies, which, while mainly detailing Parkin-induced mitophagy using cell lines and other cell types, report briefly on neuronal populations. Vives-Bauza et al. (20) report an increase in Parkin -mitochondria localization in primary neurons from PINK1-expressing, but not PINK1 (2/2) mice following depolarization, although this is not well detailed. In addition, Narendra et al. (16) reported immunoblot detection of increased Parkin in the crude mitochondrial fraction of cortical neurons treated with CCCP, but do not otherwise detail Human Molecular Genetics, 2011, Vol. 20, No. 5 937 neuronal findings. We are not certain as to why our results differ, but we have tested multiple conditions carefully, evaluated different neuronal populations and ensured our observations were not due to species differences or technique. Similar to these and other studies, we did find that overexpression of PINK1 increased Parkin accumulation on mitochondria, suggesting that a mechanistic link between PINK1 and Parkin is present in neurons. We did not find, however, that PINK1 overexpression sensitized neurons to depolarizationinduced Parkin translocation or subsequent mitophagy. It is also possible that Parkin is involved in other aspects of neuronal mitochondrial quality control. Many studies have implicated PINK1 and Parkin in a pathway that regulates mitochondrial fission and fusion (10, 11, 14, 40, 42, 43) , although regulation appears to vary depending on cell type (reviewed in 5). It is not presently clear whether the functions of regulating fission/fusion and initiating mitophagy are separate or interrelated pathways for both PINK1 and Parkin, although some studies suggest they may be related (9, 40) . Thus, PINK1 and Parkin may be influencing other aspects of mitochondrial dynamics and homeostasis in neurons beyond mitophagy regulation, and not all of these functions may depend upon stable association of Parkin with mitochondria.
The role of PINK1 and Parkin in targeting mitochondria to mitophagy has elucidated a novel pathway of mitochondrial homeostatic control. However, our studies reveal that this pathway may be regulated differently in neurons, due to their dependence on mitochondrial energy production. Our study emphasizes the importance of neuron-specific bioenergetics in studies of mitochondrial function in neurological disease.
MATERIALS AND METHODS
Cortical neuron culture
Primary cortical neurons were derived from E18 Sprague -Dawley rats utilizing previously described methods (44) with minor modifications. Briefly, cortices from E18 rats were dissected on ice in HBSS, then pooled and treated with papain enzyme solution (,200 U) followed by soybean trypsin inhibitor. Cells were washed, triturated and plated at a density of 3 × 10 5 per ml on glass cover slips or plastic culture dishes coated with poly-D-lysine and mouse laminin. Cells were seeded in neurobasal medium (NBM) containing Penicillin/Streptomycin (Pen/Strep), 2% glutamax, B27 supplement and 5% fetal calf serum and kept overnight. The following day, media were replaced with serum-free NBM (SF-NBM) supplemented with Pen/Strep, 2% glutamax and B27 supplement, and maintained with 1/2 media changes every 3 days.
Cortical neuron transfection and treatment
Transfection was performed using Lipofectamine 2000 according to the manufacturer's instructions with modifications. Briefly, a ratio of 0.8 -1.0 mg of total DNA/1 ml lipofectamine pre-incubated in Optimem was combined with transfection media (MEM pH 7.4, supplemented with 2% glutamax, 20 mM HEPES, 33 mM glucose, 1 mM Na-pyruvate) on DIV 6. Cells were incubated at 378C in a non-CO 2 incubator for 2 h, then media were replaced with a mixture of conditioned neuronal media and fresh supplemented SF-NBM, half each. Cells were transfected with plasmids expressing mtDsRed2 (Clontech), hu-Parkin [a gift from Dr Matthew Farrer, Mayo Clinic Jacksonville (45)], GFP-tagged human PINK1 (a gift from Dr Scott Kulich, Veterans Affairs Hospital, University of Pittsburgh; originally purchased from Genecopoeia), GFP-tagged LC3 (a gift from Dr Tamotsu Yoshimori, Research Institute of Microbial Diseases, Osaka University, Japan) and/or empty control vector pcDNA3 plasmid. CCCP or DMSO vehicle control treatments were performed 24 or 72 h following transfection, at 7 or 10 DIV, with the exception of oligomycin and creatine treatments, in which cells were pretreated with creatine (1 mM) or control media for 24 h starting at 72 h following transfection, then treated with oligomycin (10 mM in DMSO), CCCP or control. For treatments, cells received 1/2 media changes with 2× concentrations of CCCP or equivalent DMSO vehicle.
Cell line culture, transfection and treatment
The dopaminergic PC12 cell subline, PC6-3, was generously provided by Dr Bruce Pittman (35) . Naïve cells were maintained in DMEM-F12 with 10% horse serum, 5% FBS and Pen/Strep. For differentiation, cells were plated at 12 000 cells/ml on Collagen IV (Trevigen) coated glass cover slips. Differentiation media consisted of RPMI media supplemented with 1% heat-inactivated horse serum; 0.5% FBS; insulin, transferrin and selenium supplement (final concentrations: 5.0 mg/ml insulin, 5.0 mg/ml transferrin, 5.0 ng/ml sodium selenite; Lonza) and 40 ng/ml NGF (BD Biosciences). Cell culture media were replenished by 1/2 every 3 days. Cells were found to be differentiated based on neuronal outgrowth and arrest of proliferation at 6 days of NGF. Cells were transfected with Lipofectamine according to the manufacturer's instructions in Optimem using plasmids and DNA/lipofectamine ratios described above on day 3 of differentiation. Cells were treated with CCCP or vehicle control on day 8 after differentiation plating (96 h after transfection). SH-SY5Y and HeLa cells were maintained in DMEM with 10% FBS and Pen/Strep, and plated at 1.7 × 10 5 cells/ml and 50.000 cells/ml, respectively. Cells were transfected as described above for PC6-3 cells at 48 h after plating, and treated with CCCP or vehicle control at 72 h (SH-SY5Y) or 48 h (HeLa) after transfection.
Immunocytochemistry
Cells cultured on glass cover slips were fixed using 4% paraformaldehyde/4% sucrose for 20 min at RT, followed by three rinses with PBS. Fixed cells were permeabilized with 0.2% Triton-100X in PBS, then blocked with 5% goat serum. Primary antibodies used included PRK8 mouse-anti-parkin (1:40; Santa Cruz) or mouse-anti-GFP (1:2000; Chemicon), and were detected using AlexaFluor 647-conjugated goat-anti-mouse IgG2 secondary (1:500; Invitrogen). Cover slips were rinsed in PBS and water, then mounted using Fluoromount-G mounting media (SouthernBiotech).
Mitochondrial isolation and western blot
Neurons for western blot were plated on and collected from 10 cM culture dishes. Following treatment, DIV10 neurons were scraped off the plates in cold PBS, then pelleted by centrifugation at 2000g. Cell pellets were washed, cells repelleted and then supernatant removed. The resulting cell pellets then underwent one of two methods to isolate the mitochondrial-enriched fraction. Pellets were subjected to differential centrifugation using the Pierce Mitochondria Isolation Kit for Cultured Cell (following manufacturer's instructions), or using a previously described method that utilizes no detergents (33) . Cells were disrupted using Knotes 1 ml glass tissue homogenizers with Teflon pestles. Following the respective isolation procedures, the resulting mitochondrial-enriched pellets were immediately resuspended and lysed in a small volume of urea/CHAPS lysis buffer [9 M urea, 2% CHAPS, in 30 mM Tris, with 1x protease inhibitor cocktail (Sigma)]. Protein concentrations were determined by the Bradford method (46) and samples stored at 2808C until use. Samples were diluted in a reducing sample buffer and boiled prior to use. Protein samples were then subjected to SDS -PAGE using Peirce pre-cast tricine gels and transferred to polyvinylidene fluoride using a BioRad SemiDry Transfer apparatus. Western blots of the gels were then probed using PRK8 mouse-anti-parkin (1:500; Santa Cruz), mouse-anti-HSP60
(1:1000; Stressgen) and/or mouse-anti-cytochrome C oxidase subunit IV (1:25,000; AbCam). LiCor Oddessy compatible IR680-and IR800-conjugated goat-anti-mouse secondaries (LiCor) were used for detection, and blots were imaged and analyzed using a LiCor Odyssey system.
Imaging and quantification
All immunocytochemical images were captured using an Olympus Fluoview 1000 confocal microscope (×60 oil immersion lens, NA:1.42) at room temperature. Images of individual cells were taken as z-stacks (0.5 mm slices, 640 × 640 pixel resolution, 20 ms/pixel) encompassing the entire depth of the cell, using sequential laser imaging and Kalman filter correction. Cells were imaged randomly from across each cover slip, and 10 -30 cells/cover slip were imaged. Images were blinded to condition, and cells were analyzed throughout each z-plane using Olympus Fluoview Viewer software. For analysis of parkin -mitochondrial localization, the presence of Parkin accumulation on mitochondria was determined as any cell exhibiting at least one fluorescent mitochondrion with clearly colocalized accumulation of parkin fluorescence. For manuscript images, acquired images were adjusted for brightness and/or contrast only prior to exportation from Olympus Fluoview Viewer software at TIFF images, and then compiled into figures using Adobe Photoshop CS4 software.
ATP measurements
Treated cells were washed and harvested by scraping into ice-cold PBS, pelleted by centrifugation at 2000g for 5 min, and resuspended in urea/CHAPS lysis buffer as described above. Samples were briefly centrifuged to remove insoluble material and supernatants stored at2808C until analysis. Intracellular ATP levels were determined using an ATP Determination Kit (Molecular Probes) based on the reaction of luciferase with luciferin, using manufacturer procedures. Luminescence was measured using a L Max II Luminometer (Molecular Devices), and data were normalized to individual sample protein concentration determined with the Bradford assay (46) .
Statistics
Significance was determined using one-way ANOVA or z-test of proportions, where appropriate, followed by post-hoc analysis (Student's t-tests with Bonferroni correction or Newman -Keuls test) using alpha ¼ 0.05. Both GraphPad PRISM and Microsoft Excel software programs were utilized for data analysis.
